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p38 MAPKA characteristic feature of gas gangrenewith Clostridium perfringens (C. perfringens) is the absence of neutrophils
within the infected area and the massive accumulation of neutrophils at the vascular endothelium around the
margins of the necrotic region. Intravenous injection of C. perfringens alpha-toxin into mice resulted in the accu-
mulation of neutrophils at the vascular endothelium in lung and liver, and release of GRO/KC, a member of the
CXC chemokine family with homology to human interleukin-8 (IL-8). Alpha-toxin triggered activation of signal
transduction pathways causingmRNA expression and production of IL-8, which activatesmigration and binding
of neutrophils, in A549 cells. K252a, a tyrosine kinase A (TrkA) inhibitor, and siRNA for TrkA inhibited the toxin-
induced phosphorylation of TrkA and production of IL-8. In addition, K252a inhibited the toxin-induced phos-
phorylation of extracellular regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase (MAPK).
PD98059, an ERK1/2 inhibitor, depressed phosphorylation of ERK1/2 and nuclear translocation of nuclear factor
kappa B (NF-κB) p65, but SB203580, a p38 MAPK inhibitor, did not. On the other hand, PD98059 and SB203580
suppressed the toxin-inducedproduction of IL-8. Treatment of the cellswith PD98059 resulted in inhibition of IL-
8 mRNA expression induced by the toxin and that with SB203580 led to a decrease in the stabilization of IL-
8 mRNA. These results suggest that alpha-toxin induces production of IL-8 through the activation of two separate
pathways, the ERK1/2/NF-κB and p38 MAPK pathways.
Published by Elsevier B.V.1. Introduction
Clostridium perfringens alpha-toxin has been shown to be a virulence
factor required for the development of gas gangrene [1,2]. Gas gangrene
is reported to occur without septicemia and is a highly lethal infection.
A characteristic feature of infection with C. perfringens is an ab-
sence of neutrophils within the area of necrosis associated with
C. perfringens growth and the accumulation of neutrophils at the bor-
ders of the region showing necrosis.We reported that exposure of rab-
bit neutrophils to alpha-toxin induced ﬁrm adhesion of the cells to
ﬁbrinogen and ﬁbronectin, suggesting that the toxin stimulates bind-
ing of neutrophils to the vascular endothelium [3]. IL-8, which belongs
to the CXC chemokine family, is a pivotal chemotactic cytokine re-
sponsible for the recruitment of neutrophils and macrophages [4].
Bryant and Stevens reported that alpha-toxin induced IL-8 synthesis
in cultured human umbilical vein endothelial cells, and demonstrated
in vitro that both alpha- and theta-toxin have profound effects on
polymorphonuclear leukocyte functions of adherence and chemotaxis: +81 88 655 3051.
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.V.[5]. Carveth et al. reported that IL-8/CXCL8 promoted adhesion of neu-
trophils to plastic, extracellular matrix proteins [6], suggesting that IL-
8 induces binding of neutrophils to vascular endothelium or tissues.
Furthermore, phospholipase C (PLC) from Pseudomonas aeruginosa in-
duced release of IL-8 and neutrophil inﬁltration into the lung, involv-
ing pulmonary inﬂammation [7]. Therefore, it is possible that the
unique behavior of neutrophils in gas gangrene caused by C. per-
fringens is dependent on IL-8 released from macrophages and/or en-
dothelial cells activated by the toxin. However, little is known about
the accumulation of neutrophils at the margins of the infected area.
We have reported that alpha-toxin induces formation of diac-
ylglycerol (DG) through the activation of endogenous PLC via a pertus-
sis toxin-sensitive GTP-binding protein (Gi) and phosphorylation of
3-phosphoinositide-dependent kinase 1 (PDK1) via activation of the
TrkA receptor, so that the production of DG and activation of PDK1
lead to a synergic elevation of protein kinase C θ (PKCθ) activity, and
that the activation of PKCθ stimulates generation of superoxide through
MAPK-associated signaling events in rabbit neutrophils [3,8]. We also
reported that anti-tumor necrosis factor (TNF)-alpha antibody inhibited
the death of mice induced by alpha-toxin, and that TNF-alpha-deﬁcient
mice were resistant to alpha-toxin, suggesting that the lethal effect is
closely related to the toxin-induced release of TNF-alpha into the blood-
stream. Therefore, this lethal disease is thought to be caused by the
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inﬂammatory mediator, TNF-alpha [9]. In addition, we reported that
alpha-toxin-induced release of TNF-alpha is dependent on the activa-
tion of ERK1/2 signal transduction via TrkA in mouse neutrophils and
macrophages and that erythromycin, which inhibits the toxin-induced
phosphorylation of TrkA and release of inﬂammatory cytokines includ-
ing TNF-alpha, speciﬁcally blocks the toxin-induced events including
death through the activation of neutrophils and macrophages [9]. Little
is known about the mechanism of IL-8 release induced by the toxin.
To understand the recruitment of neutrophils at the margins of
an infected wound, the toxin-induced production of IL-8, a potent
neutrophil chemoattractant, in a human lung adenocarcinoma epi-
thelial cell line (A549 cells) was investigated. We demonstrated
that alpha-toxin induced production of IL-8 through activation of
both an ERK1/2 to NF-κB system via endogenous PLC and a p38
MAPK system via TrkA.
2. Materials and methods
2.1. Cell culture and reagents
A549 cellswere cultured at 37 °C ingrowthmedium(DMEMwith10%
horse serum). K252a, AG1478, PD98059, SB203580, and BAY11-7082
were from Calbiochem, USA. SP600125 was from TOCRIS, USA. All other
drugs were of analytical grade.
2.2. Puriﬁcation of alpha-toxin
A recombinant form of the plasmid pHY300PLK harboring the
structural gene of wild-type alpha-toxin was introduced into Bacillus
subtilis ISW1214 by transformation. The expression and puriﬁcation
of the recombinant alpha-toxin toxin were performed as described
previously [10].
2.3. Histopathological evaluation
ICRmice (25–30 g, SLC, Japan)were used. Alpha-toxin (50 ng) or sa-
line (each 100 μl) was intravenously injected in the tail vein of mice.
The animals were sacriﬁced 3 h after the injection of the toxin. The
lung tissues were ﬁxed in a 10% neutralized buffered formalin solution
(pH 7.4). After ﬁxation, the tissues were dehydrated through graded
ethanol, and parafﬁn sections were prepared by the routine method.
These tissue sections were stained with hematoxylin or eosin for light
microscopy. Neutrophils were identiﬁed morphologically.
2.4. GRO/KC ELISA
Immunoreactive GRO/KC was quantiﬁed in serum with a double-
antibody ELISA kit using rGRO/KC as a standard (IBL, Japan). This
assay had a lower limit of detection of 23 pg/ml.
2.5. IL-8 ELISA
Immunoreactive IL-8 was quantiﬁed in cell culture supernatants
with a double-antibody ELISA kit using rIL-8 as a standard (R&D
systems, USA). The assay had a lower limit of detection of 5 pg/ml.
2.6. Western blotting
A549 cells were incubated with 1.0 μg/ml of alpha-toxin for 0, 1, 5,
15, 30, or 60 min. They were then solubilized by incubation for 10 min
on ice in 50 mMTris–HCl (pH 7.6), 150 mMNaCl, 5 mMEDTA, 10% glyc-
erol, 1% TritonX-100, 10 mM sodium pyrophosphate, 1 mM Na3VO4,
10 mMNaF, 1 mMPMSF, and leupeptin (10 μg/ml). After centrifugation
(15 min, 15,000×g), samples (20 mg protein) of supernatants were
subjected to SDS-PAGE and Western blotting using anti-phospho-TrkA(Cell Signaling Technology, USA), anti-phospho-NF-κB p65 (Cell Signal-
ing Technology, USA), anti-phospho-MAPKs (Cell Signaling Technology,
USA) and anti-β-actin (Santa Cruz, USA) antibodies. Detectionwas con-
ducted using an enhanced chemiluminesence kit (Millipore, USA). A
quantitative analysis of bands was performed by densitometry (LAS-
4000, Fujiﬁlm, Japan).
2.7. Transfection with siRNA for TrkA
A549 cells were seeded (2.0 x 105/ml of DMEM/dish) in 35-mm
culture dishes and grown overnight; 10 nM siRNA for TrkA (siTrkA),
or 10 nM negative control siRNA (NC-siRNA) duplex was introduced
into cells using HiPerFect Transformation reagent (Qiagen, USA),
according to the manufacturer's recomendations. A mock transfection
without siRNA was also performed. These siRNA were purchased
from Qiagen. Silencing of the TrkA was determined by Western blot-
ting using anti-TrkA antibody (Cell Signaling Technology, USA).
2.8. Cy3-labeled alpha-toxin
Alpha-toxin (3.0 mg/ml) was labeled with a Cy3-labeling kit (GE
healthcare, USA) following the manufacturer's directions. The release
of IL-8 from A549 cells treated with Cy3-labeled alpha-toxin was the
same as that of non-labeled toxin.
2.9. Alexa488-labeled anti-TrkA antibody
The anti-TrkA antibody (Cell Signaling Technology, USA) was
labeled with an Alexa488-labeling kit (Invitrogen, USA).
2.10. Immunoﬂuorescence staining
A549 cells (1.0×105/ml) seeded on a glass-bottomed dish (MatTek,
USA) were incubated with alpha-toxin (1.0 μg/ml) at 37 °C for various
periods, ﬁxed with 2% paraformaldehyde in PBS at room temparature
for 15 min, and then washed three times with PBS. Cells permeabilized
with PBS containing 0.1% TritonX-100 for 5 min were treated with
blocking buffer for 30 min. They were incubated with the primary anti-
body for 1 h, followed by, at room temparature for 1 h, the appropriate
secondary antibody, such as anti-rabbit antibody, conjugated with
Alexa Fluor 546. The nuclei were stained with Hoechest 33342. Stained
cells were visualized using confocal microscopy (Nikon, A1R, Japan), or
BIOREVO (BZ-9000, Keyence, Japan) with an associated analysis soft-
ware package. The ﬂuorescence intensity in visual ﬁelds was measured
byDynamic Cell Count application of BIREVO (BZ-H1C, Keyence, Japan).
Values were calculated as the average for 5 ﬁelds.
2.11. Detection of IL-8 mRNA
Total RNA was isolated from proliferating cells or tissue samples
(3.5 mm-diameter) using a Fast pure RNA kit (Takara, Japan). Quantita-
tive RT-PCR for the mRNA of IL-8 was performed using PrimeScript RT-
PCR kits (Takara, Japan). The primers: 5′-TCTGCAGCTCTGTGTGAAGG-3′
(sense) and 5′-TGAATTCTCAGCCCTCTTCAA-3′ (antisense) for amplifying
fragments of IL-8; and 5′-GTGGGGCGCCCCAGGCACCA-3′ (sense) and 5′-
CTCCTTAATGTCACGCACGATTTC-3′ (antisense) for amplifying fragments
of a housekeeping gene,β-actin,were purchased fromTakara. ThemRNA
level of β-actin was used as an internal control.
2.12. Administration of anti-GRO/KC antibody
The mice were intravenously injected with alpha-toxin or a mix-
ture of anti-GRO/KC (IBL, Japan) and alpha-toxin, and sacriﬁced 3 h
later. The lung and liver were ﬁxed in a 10% neutralized buffered for-
malin solution (pH 7.4), the tissues were dehydrated through graded
ethanol, and parafﬁn sections were prepared by the routine method.
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2.13. Statistics
Resultswere expressed as themean±SEM.n equals the sample size.
Statistical comparisonswere performed using anunpaired t-test or one-
way analysis of variance (ANOVA) with Bonferroni correction. p Values
less than 0.01 were considered statistically signiﬁcant.
3. Results
3.1. Alpha-toxin-induced inﬁltration of and release of IL-8 from
neutrophils
Konig et al. reported that PLC from P. aeruginosa induced neutrophil
inﬁltration into the lung and release of IL-8 [7]. We investigated if
alpha-toxin causes inﬁltration of neutrophils into lung and liver of mice.Fig. 1. Inﬁltration of neutrophils into the lung and release of GRO/KC in serum of mice
treated with alpha-toxin. A) Mice were administrated with 50 ng of alpha-toxin/mouse.
After 3 h, lung tissue was ﬁxed in formalin and sections were stained with hematoxylin
and eosin. The number of neutrophils in blood vessels of the lung was counted using
light microscopy. The neutrophils of 50 vessels were counted from the images. The
average number of neutrophils per mm2 in the vessels was morphologically analyzed.
Values represent the mean±SEM; n=3; *Pb0.01, compared with the number of neutro-
phils in the lungs of mice treated with alpha-toxin. B) Mice were treated with various
concentrations of alpha-toxin. After 3 h, GRO/KC in serumwas measured by ELISA. Values
represent the mean±SEM; n=3 independent experiments.The mice were intravenously administrated with 50 ng of alpha-toxin/
mouse. The injection led to the accumulation of neutrophils on the vascu-
lar endothelium in the lung (Fig. 1A). The accumulationwas also detected
in the liver (data not shown). In addition, alpha-toxin dose-dependently
induced the release of GRO/KC, the rodent homologue for human IL-8
which activates the migration of neutrophils, in serum (Fig. 1B). On the
other hand, intravenous injection of the toxin into mice preinjected
with anti-GRO/KC antibody resulted in a signiﬁcant reduction in
the accumulation of neutrophils (Fig. 1A). It therefore appears that
GRO/KC plays a role in the accumulation of neutrophils on the vas-
cular endothelium.
We examined whether the toxin induces release of IL-8 from A549
cells. A549 cells were incubated with alpha-toxin (0.1–1.0 μg/ml) at
37 °C for 5 h. The toxin caused the release of IL-8 in a dose-
dependent manner, as shown in Fig. 2A. The release of IL-8 reached
a maximum within 5 h and then later sharply decreased (Fig. 2B).
The H148G variant, which does not have PLC activity, did not induce
the release of IL-8 from the cells (Fig. 2A and B), showing the enzy-
matic activity of alpha-toxin to be essential for the release.Fig. 2. Alpha-toxin-induced release of IL-8 from A549 cells A) A549 cells (1.0×107/ml).
were incubated with alpha-toxin (black circles) or H148G (white circles) at 37 °C for
5 h. B) The cells were incubated with 1.0 μg/ml alpha-toxin (black circles) or H148G
(white circles) the toxin at 37 °C for various periods. The amount of IL-8 in culture super-
natants was determined by ELISA. Values represent the mean±SEM; n=4 independent
experiments.
Fig. 4. Effect of siRNA for TrkA on release of IL-8 induced by alpha-toxin. A549 cells were
transfectedwith siTrkA or NC-siRNA (10 nM). A) The expression of TrkA in the cells treated
with siRNA was detected by Western blotting using anti-TrkA antibody and anti-β-actin
antibody. B) The intact cells (black columns), NC-siRNA-treated cells (white columns), or
siTrkA-treated cells (gray columns) were incubated with 1.0 μg/ml alpha-toxin at 37 °C
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We have reported that alpha-toxin bound to TrkA and induced
phosphorylation of the receptor in various cells [8,9,11]. Phosphorylat-
ed TrkA in A549 cells incubated with 1.0 μg/ml of alpha-toxin at 37 °C
for various periods was analyzed by SDS-PAGE and Western blotting
using anti-phospho-TrkA antibody. Phosphorylated TrkAwith a molec-
ular mass of about 140 kDa was detected in A549 cells (Fig. 3). Fig. 3A
shows that the phosphorylation of TrkA reached a maximum within
1 min and then gradually decreased until 60 min. A549 cells were
pretreated with various amounts of K252a at 37 °C for 60 min, and in-
cubated with alpha-toxin (1.0 μg/ml) at 37 °C for 5 h. K252a dose-
dependently inhibited the release of IL-8 induced by the toxin
(Fig. 3B). Next, we used a siRNA to knockdown TrkA expression in tar-
get cells. Transfection of A549 cells with siTrkA (TrkA-speciﬁc siRNA)
resulted in a signiﬁcant reduction in the expression of TrkA, whereas
that with NC-siRNA (a negative control siRNA) had little effect, as
shown in Fig. 4A. The transfection with siTrkA drastically reduced the
release of IL-8 by alpha-toxin (Fig. 4B) and the binding of alpha-toxin
(Fig. 4C), compared to that with NC-siRNA.
Furthermore, to test whether alpha-toxin binds to TrkA in A549
cells, the cells were incubated with Cy3-labeled alpha-toxin and
Alexa488-conjugated anti-TrkA antibody at 37 °C for 1 h. As shown
in Fig. 5A, the Cy3-labeled alpha-toxin merged with the ﬂuorescence
of the Alexa488-labeled anti-TrkA antibody on membranes of the
cells. The percentage of colocalization was approximately 70%
(Fig. 5B). It therefore was conﬁrmed that alpha-toxin binds to
TrkA in A549 cells.Fig. 3. Relationship between release of IL-8 and phosphorylation of TrkA induced by alpha-
toxin. A) A549 cells (1.0×107/ml) were incubated with alpha-toxin (1.0 μg/ml) at 37 °C for
various periods. The lysates were subjected to SDS-PAGE, followed by immunoblotting
with antibody against phosphorylated TrkA. B) A549 cells (1×107 /ml) were pretreated
with various amounts of K252a at 37 °C for 1 h, and incubated with (black columns)
1.0 μg/ml alpha-toxin or without (white columns) the toxin at 37 °C for 5 hr. IL-8 in the
culture supernatants was determined by ELISA. Values represent the mean±SEM; n=4
independent experiments.
for 3 h. IL-8 in the culture supernatants was determined by ELISA. Values represent the
mean±SEM; n=5 independent experiments. C) These siRNA-treated cells were incubated
with Cy-3-labeled alpha-toxin (1.0 μg/ml) at 37 °C for 15 min. The cells were ﬁxed in 4%
paraformaldehyde and stainedwith hoechst33342 andanalyzed usingﬂuorescencemicros-
copy. The ﬂuorescent intensity in the visual ﬁelds was measured as described in Materials
andMethods. The binding of alpha-toxin to the intact cells was set as themaximal response
(100%), against which all other results were compared. Values represent the mean±SEM;
n=3 independent experiments.3.3. Relationship between the toxin-induced release of IL-8 and activation
of MAPK pathways
Several studies have reported that the release of IL-8 induced by
various toxins such as LPS and Helicobacter pylori VacA is linked to
the activation of MAPK pathways [12–14]. We investigated the effect
of alpha-toxin on MAPK pathways. When A549 cells were incubated
with 1.0 μg/ml of the toxin at 37 °C, phosphorylation of ERK1/2 and
p38 MAPK reached a maximum within 15 min and gradually
decreased until 60 min, but that of SAPK/JNK was not observed
(Fig. 6A). Furthermore, K252a inhibited phosphorylation of ERK1/2
and p38 MAPK in a dose-dependent manner (Fig. 6B and C),
suggesting TrkA to be located upstream of ERK1/2 and p38 MAPK.
Next, we examined the effect of PD98059, an ERK1/2 cascade inhibi-
tor, and SB203580, a p38 MAPK inhibitor, on the toxin-induced re-
lease of IL-8 and phosphorylation of these proteins. PD98059 and
SB203580 dose-dependently inhibited the release of IL-8 (Fig. 6D
and E).
3.4. Alpha-toxin-induced translocation of NF-κB to the nucleus and
inhibition of the toxin-induced release of IL-8 by BAY11-7082
Activation of the IL-8 promoter is known to require activation of a
transcription factor, NF-κB [15,16]. Therefore we examined if alpha-
toxin stimulates IL-8 production through an NF-κB-mediated path-
way in A549 cells. NF-κB is known to be phosphorylated before its
translocation to the nucleus. Fig. 7A shows that phosphorylation
of NF-κB in the cells treated with alpha-toxin reached a maximum
within 15 min and then decreased. BAY11-7082, an inhibitor kappa
Fig. 5. Localization of alpha-toxin and TrkA in A549 cells. A549 cells were incubated with or without Cy3-coupled alpha-toxin (1.0 μg/mL) and Alexa488-conjugated anti-TrkA an-
tibody at 37 °C for 1 h. The cells were ﬁxed in 4% paraformaldehyde and stained with hoechst 33342. Alpha-toxin, TrkA, and nuclear staining were analyzed using confocal laser
microscopy. A white arrow indicates the colocalization of alpha-toxin and TrkA. The data represents the mean for three independent experiments. Scale bar: 10 μm B) The percent-
age of colocalization was calculated for each combination of ﬂuorescence markers by analysis of each confocal plane of >20 cells.
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a dose-dependent manner as shown in Fig. 7B. Next, we investigated
the effect of PD98059 and SB203580 on the translocation of NF-κB to
the nucleus in the cells treated with the toxin. Fig. 7C and D shows
that treatment of A549 cells with alpha-toxin resulted in the translo-
cation of NF-κB to the nucleus, as visualized by immunostaining with
anti-NF-κB p65 antibody. Treatment of PD98059-pretreated cells
with the toxin inhibited the transduction, but the treatment with
SB203580 had no effect (Fig. 7C and D).
3.5. The relationship between MAPK systems and production of
IL-8 induced by alpha-toxin in A549 cells
To investigate the relationship between the activation of MAPK sys-
tems and expression of IL-8 mRNA induced by alpha-toxin, A549 cells
were pretreatedwith 10 μMPD98059 or SB203580, and later incubated
with 1.0 μg/ml alpha-toxin. As shown in Fig. 8A, PD98059 almost
completely inhibited alpha-toxin-induced expression of IL-8 mRNA
under the conditions. Treatment with SB203580 led to a decrease of
about 40% in the expression of mRNA in the cells treated with the
toxin (Fig. 8A). It is generally thought that mRNA has a short half life.
It has been reported that p38MAPKenhanced IL-1-induced IL-8 produc-
tion by stabilizing IL-8 mRNA [17,18]. Shimohata et al. reported thatSB203580 decreased the stabilization of IL-8 mRNA following Vibrio
parahaemolyticus infection [19]. Therefore, we examined the effect of
the inhibitor on IL-8 mRNA in the cells treated with alpha-toxin. The
cells were pretreated with alpha-toxin for 1 h to allow transcription of
IL-8 mRNA and subsequently treated with SB203580 in the presence
of actinomycin D (5 μg/ml). As shown in Fig. 8B, the mRNA level in
the toxin-treated cells was about 50% of that in the cells treated with
the toxin in the absence of the inhibitor, and a gradual decay in the ex-
pression was observed until 6 h. The level of IL-8 mRNA in the toxin-
pretreated cells treated with the p38 MAPK inhibitor reached a mini-
mum (about 50% of that in the absence of the inhibitor) after 2 h and
remained low for 6 h. It therefore appears that IL-8 mRNA in the cells
treated with SB203580 is signiﬁcantly unstable.
Next, we investigated the effect of 10 μM PD98059 or SB203580
on the intracellular distribution of IL-8 using ﬂuorescence microsco-
py. The level of IL-8 in the cytosol of A549 cells treated with alpha-
toxin reached a maximum within 2 h and then decreased in a time-
dependent manner (Fig. 8C). When the PD98059-pretreated cells
were treated with the toxin, IL-8 was not observed in the cytosol
(Fig. 8C). However, when the SB203580-pretreated cells were treated
with the toxin for 2 h, the amount of IL-8 in the cytosol was about 30%
of that in the cytosol of A549 cells treated with alpha-toxin (Fig. 8C).
The result was consistent with that shown in Fig. 6C.
Fig. 6. Phosphorylation of various kinases of MAPK cascades induced by alpha-toxin in A549 cells. A) A549 cells (1.0×107/ml) were incubated with alpha-toxin (1.0 μg/ml) at 37 °C for
various periods. The lysateswere subjected to SDS-PAGE, followed by immunoblottingwith antibodies against phosphorylated ERK1/2, phosphorylated p38MAPK, phosphorylated SAPK/
JNK, and β-actin. The data represents themean for three independent experiments. B, C) A549 cells (1.0×107/ml)were preincubatedwith (white circles) 10 nMK252a orwithout (black
circles) the blocker at 37 °C for 60 min, and then washed. The cells were incubated with 1.0 μg/ml alpha-toxin at 37 °C for indicated periods. The phospho-ERK1/2 (B) and -p38 MAPK
(C) extracted by 10% trichloroacetic acid was subjected to SDS-PAGE and immunoblotting using speciﬁc antibody. The phosphorylated level of ERK1/2 and p38 MAPK in untreated
cells was set to 1. Values represent the mean±SEM; n=5 independent experiments. D, E) A549 cells (1.0×107 /ml) were preincubated with various concentrations of PD98059 or
SB203580 at 37 °C for 60 min, and then washed. The treated cells were incubated with 1.0 μg/ml alpha-toxin at 37 °C for 5 h. The level of IL-8 (empty columns) and phosphorylation
(black circles) of various kinases was determined as described in Materials and Methods. The phosphorylation of ERK1/2 and p38 MAPK induced by alpha-toxin was set as the maximal
response (100%), against which all other results were compared. Values represent the mean±SEM; n=3 independent experiments.
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Several studies have reported that neutrophils accumulated on the
vascular endothelium at the margins of gas gangrene caused by
C. perfringens [20,21]. The present study showed that alpha-toxin
induced the accumulation of neutrophils on the vascular endothelium
of organs, especially lung and liver, and release of GRO/KC in mice,
and that the injection of anti-GRO/KC signiﬁcantly reduced the accu-
mulation of neutrophils, indicating that the toxin-induced release ofGRO/KC plays a role in the accumulation. We also found that the
toxin induced the release of IL-8 in A549 cells. The CXC chemokine
IL-8/CXCL8 is known to be a potent chemoattractant and induce neu-
trophil chemotaxis toward sites of infection. Therefore, it appears that
the toxin-induced release of IL-8 plays a pivotal role in the pathogen-
esis of the infectious disease.
We have reported that alpha-toxin-induced activation of endoge-
nous PLC and sphingomyelinase via a pertussis toxin-sensitive GTP-
binding protein is closely related to the hemolysis of rabbit and
Fig. 7. Relationship between activation of NF-κB and release of IL-8 induced by alpha-toxin. A) A549 cells (1×107 /mL) were incubated with alpha-toxin (1.0 μg/mL) at 37 °C for
various periods. The lysates were subjected to SDS-PAGE, followed by immunoblotting with antibodies against phosphorylated NF-κB, and β-actin. Signal intensities from immu-
noblots were recorded densitometrically For quantiﬁcation, NF-κB signals applying the phosphorylation-sensitive antibody were normalized to the NF-κB signals applying the
antibody of NF-κB. The phosphorylation level of untreated cells was set to 1. Values represent the mean±SEM; n=3; *Pb0.005, compared with the phosphorylation of NF-κB
in untreated cells. B) The cells were pretreated with various concentrations of BAY11-7082 at 37 °C for 1 h, and then incubated with (black columns) 1.0 μg/mL alpha-toxin or with-
out (white columns) the toxin at 37 °C for 3 h. C) The cells were pretreated with 10 μM PD98059 or 10 μM SB203580 at 37 °C for 60 min, and then incubated with alpha-toxin
(1.0 μg/mL) at 37 °C for 15 min. The cells were ﬁxed by paraformaldehyde and stained with SYTO 16 and antibody against NF-κB. The nucleus and NF-κB were viewed with confocal
microscopy. The data represents the mean for three independent experiments. Scale bar: 10 μm. D) The percentage of colocalization was calculated for each combination of
ﬂuorescence markers by analysis of each confocal plane of>50 cells. Values represent the mean±SEM; n=3; *Pb0.003, compared with the colocalization of NF-κB with nuclei
in untreated cells.
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triggered two pathways, the formation of diacylglycerol through the
activation of endogenous PLC and the activation of PDK1 through
TrkA in rabbit neutrophils, eliciting the generation of superoxide
through ERK1/2-associated signaling events [8]. We also reported
that the toxin-induced release of TNF-alpha was dependent on the ac-
tivation of ERK1/2 signal transduction via the phosphorylation of
TrkA in neutrophils and macrophages and that inhibition of the
toxin-induced phosphorylation of TrkA by erythromycin led to the ar-
rest of the toxin-induced event [9]. Therefore, TrkA is a key signaling
molecule in the action induced by the toxin. The present study shows
1) alpha-toxin speciﬁcally binds to and phosphorylates TrkA in A549
cells, 2) treatment of A549 cells with K252a and transfection of the
cells with siRNA for TrkA resulted in reduced release of IL-8 byalpha-toxin, conﬁrming that alpha-toxin induces the release of IL-8
through TrkA in A549 cells.
It is known that the infection of cultured epithelial cells with
Salmonella enterica serovar [22], Salmonella typhimurium [23], H. pylori
[12,14,24], Enterohemorrhagic Escherichia coli [25] or Enteropatho-
genic Escherichia coli [26] results in the release of IL-8 through the
activation of MAPK pathways. The present study showed that alpha-
toxin induced the release of IL-8 through the activation of ERK1/2
and p38 MAPK pathways via TrkA in A549 cells. It has been reported
that neurite-outgrowth through the activation of TrkA induced by
nerve growth factor is linked to activation of the MAPK signaling
system [27–31]. Our previous study concerning signal transduction
mechanisms for alpha-toxin-induced superoxide generation has
shown that activation of TrkA, PDK1, and PKCθ occurs upstream of
1588 M. Oda et al. / Biochimica et Biophysica Acta 1822 (2012) 1581–1589that of the MEK-ERK1/2 pathway [8]. K252a inhibited the toxin-
induced release of IL-8 and the phosphorylation of ERK1/2 and p38
MAPK in A549 cells, indicating that the phosphorylation of ERK1/2
and p38 MAPK occurs downstream of the activation of TrkA. The pro-
cess of IL-8 release induced by the toxin resembles that of the previ-
ous results. In the present study, we obtained evidence that alpha-
toxin induced the release of IL-8 through the activation of ERK1/2
and p38 MAPK pathways via TrkA in A549 cells.
Alpha-toxin caused the phosphorylation of NF-κB. The toxin-
induced release of IL-8 was inhibited by BAY11-7082, an IκBα inhib-
itor. It therefore appears that IL-8 production is linked to phosphory-
lation of NF-κB. PD98059 and SB203580 inhibited the toxin-induced
release of IL-8. However, PD98059 inhibited the toxin-induced phos-
phorylation of NF-κB and translocation of NF-κB to the nucleus, but
SB203580 did not. In addition, PD98059 inhibited the expression of
IL-8 mRNA in the cells treated with alpha-toxin, but SB203580 did
not. These observations suggest that IL-8 mRNA expression induced
by the toxin is related to translocation of phosphorylated NF-κB to
the nucleus through activation of ERK1/2 via TrkA, but not to activa-
tion of p38 MAPK. Next, ﬂuorescence microscopic analysis revealed
that IL-8 was not present in the cytoplasm of PD98059-pretreated
cells treated with the toxin, and that the amount of IL-8 in the cyto-
plasm of SB203580-pretreated cells treated with the toxin was
approximately 30% of that in control cells treated with alpha-toxin.
Furthermore, as shown in Fig. 8B, IL-8 mRNA induced by the toxin
was labile in SB203580-treated cells. Several studies have reported
that p38 MAPK plays an important role in the stabilization of IL-8
mRNA [17–19,32]. Therefore, it appears that p38 MAPK contributed
to the stabilization of IL-8 mRNA in the cells treated with the toxin.
In addition, several workers have reported that SAPK/JNK contributes
to expression of IL-8 [33–36]. However, treatment of A549 cells with
the toxin resulted in little phosphorylation of SAPK/JNK, suggesting
that expression of IL-8 in the cells treated with the toxin is indepen-
dent of the activation of SAPK/JNK. Goyal et al. reported that expres-
sion of activated JNK was not seen in INT-407 cells treated with
galactose- speciﬁc adhesion, which induced secretion of IL-8 [37].
Furthermore, Shimohata et al. reported that the ERK1/2 pathway
activates the transcription of IL-8, and that the p38 MAPK pathway
stabilizes IL-8 mRNA, following V. parahaemolyticus infection [19].
The ERK1/2 and p38 MAPK pathways are known to be activated by
other bacterial infections, such as Yersinia enterocolitica [38]. It is in-
teresting that alpha-toxin-triggered IL-8 production is dependent on
expression of IL-8 mRNA through the ERK1/2 pathway and stabiliza-
tion of IL-8 mRNA through the p38 MAPK pathway in A549 cells,
showing that the toxin activates the two pathways at the same time.Fig. 8. Effect of PD98059 and SB203580 on expression of IL-8 mRNA induced by alpha-
toxin in A549cells. A) A549 cells (1.0×107 /ml) were pretreated with 10 μM PD98059 or
10 μM SB203580 at 37 °C for 1 h, and then incubated with alpha-toxin (1.0 μg/ml) at
37 °C for 2 h. IL-8 mRNA expression was determined by RT-PCR. IL-8 mRNA was normal-
ized with mRNA levels of the housekeeping gene β-actin. Signal densities from RT-PCR
were recorded densitometrically. The IL-8 mRNA level of untreated cells was set to 1.
Values represent themean±SEM; n=6; *Pb0.01, **Pb0.005, comparedwith the expres-
sion of IL-8 mRNA in control cells treated with alpha-toxin. B) A549 cells (1.0×107 /ml)
were treated with alpha-toxin for 2 h to allow transcription of mRNA. Cells were then
treated with actinomycin D (5 mg/ml), and DMSO (white circles) or SB203580 (black cir-
cles). At indicated times, total RNA was isolated, reverse transcribed and analyzed by RT-
PCR. Valueswere calculated as the fold-increase in total IL-8mRNA, compared to the total
amount of IL-8 mRNA before the addition of actinomycin D. Values represent the mean±
SEM; n=5; *Pb0.01, compared with the expression of IL-8 mRNA in control cells treated
with alpha-toxin. C) A549 cells (1.0×107/ml) were pretreated with 10 μM SB203580 or
10 μM PD98059 at 37 °C for 1 h, and then incubated with alpha-toxin (1.0 μg/ml) at
37 °C for various periods. The cells were ﬁxed by paraformaldehyde and stained with an-
tibody against IL-8. IL-8 was viewedwith ﬂuorescencemicroscopy. The ﬂuorescent inten-
sity in the visual ﬁelds was measured as described in Materials and Methods. Symbols:
control, white squares; alpha-toxin, white circles; PD98059 plus alpha-toxin, black
squares; SB203580 plus alpha-toxin, black circles. Values represent the mean±SEM;
n=3 independent experiments.In conclusion, alpha-toxin triggered signal transduction pathways
causing mRNA expression and production of IL-8, which activated mi-
gration and binding of neutrophils, in A549 cells. The toxin-induced
release of IL-8 required at least two distinct protein kinase cascades.
The toxin activates ERK1/2 and p38 MAPK cascades via TrkA, and in-
duces expression and stabilization of IL-8 mRNA, respectively.Acknowledgements
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